Separations of A-protein of tobacco mosaic virus by electrophoresis on polyaerylamide gels of various concentrations gave clear resolution of several components. The pherograms which were obtained varied according to the particular A-protein preparation employed, but corresponded well with estimates of the state of aggregation of the preparations made by electron microscopy or by sedimentation in the analytical ultracentrifuge. These estimates together with the results of immunodiffusion studies and electronmicroscopic observations on material eluted from the gels following electrophoresis enabled the various components in the pherograms to be correlated with the known stable aggregates of A-protein. The electrophoretic mobilities of the various aggregates differ and increase with increases in size of the aggregates.
INTRODUCTION
Tobacco mosaic virus can be degraded by exposure to alkali (Schramm & Zillig, 1955) or strong acetic acid (Fraenkel-Conrat, I957) to yield a native viral protein, commonly called A-protein. The protein prepared by these methods can be polymerized to form a quaternary structure similar to that of the virus, provided that pH values are kept within the range 3"2 to 6-0. At higher pH values sedimentation studies have demonstrated the existence of smaller aggregates of the monomeric unit (review by Caspar, I963) . Such aggregates form an equilibrium mixture, the relative proportions of which are determined by the prevailing conditions of concentration, temperature, pH and ionic strength. Polymerization can also be induced at pH 7-0 by irradiation of the protein with ultraviolet light (Kleczkowski, 1959) . A-protein polymerized in this manner has an electrophoretic mobility of -8.o x lO -5 cm.~/v/sec., whereas the unpolymerized protein at the same pH has an electrophoretic mobility of -4"0 x lO -5 cm.~/v/sec. This paper presents the results of an investigation into the electrophoretic separation of the stable aggregates of A-protein at pH 8-o on a polyacrylamide gel support medium. Several of the smaller aggregates can be clearly resolved by this technique because their rate of migration is dependent not only on their different electrophoretic mobilities but also on their size.
METHODS
Virus purification. An isolate of the common strain of tobacco mosaic virus (TMV), kindly supplied by Sir Frederick Bawden of Rothamsted Experimental Station, was 418 D. MCCARTHY inoculated on tobacco plants (Nicotiana tabacum L.) var. Java, in which the virus multiplies systemically. The infected leaves were harvested and macerated in a blender with a minimal volume of 0.2 M-phosphate buffer pH 5"5. The homogenate was frozen at -i5 °, thawed, strained through muslin and clarified by centrifugation at IO,OOO rev./min, for Io min.; the clarified sap was then centrifuged at 3o,ooo rev./min, for 90 min., the supernatant fluid discarded and the pellet resuspended in water. After two more similar cycles of differential centrifugation the final virus solution was dialysed against water. The preparation, which had an E 26o/E 280 ratio of 1.2, was stored as a 4 % (w/v) solution at 4 °.
Preparation of A-protein.
Two preparations of TMV protein were made from a 1% solution of the virus by the acetic acid method (Fraenkel-Conrat, 1957) . The protein produced by this method was precipitated by the addition of 0"4 ml. of saturated ammonium sulphate solution (pH 8) to each ml. of solution. The precipitate was recovered by centrifugation, resuspended in a small volume of 0"04 M-tris + glycine buffer (pH 8) and dialysed against the same buffer. The protein solutions, which had E 26o/E 280 ratios of 0.52 , were stored at a concentration of 0"7 % at 4 °. A third preparation was made by the slow addition of O.IN-sodium hydroxide to a 1% solution of the virus until the pH reached lO'5. The solution was incubated at 2 ° for 18 hr, when the undegraded viral material was removed by centrifugation at 4o,ooo rev./min, and the supernatant fluid treated as before.
Acrylamide gel electrophoresis. Electrophoretic separations were made on a polyacrylamide gel support medium (Ornstein & Davies, I964) with the following modifications. The apparatus and buffer solutions were maintained at -4 ° to +4 ° . Equilibration before the application of the sample was achieved by passing a current of 2 mA per tube for 90 to I2O min. (see text). The sample was mixed with sucrose to give a final sucrose concentration of 25 % (w/v) and overlaid directly on to the large-pore gel. Separations were made at a constant current of 1.5 mA per tube for approximately 90 min. The gels were fixed and stained with amido black in 7 % (v/v) acetic acid and any unbound stain removed electrophoretically. For immunodiffusion studies the gel was sliced into two longitudinally, one half was stained in the usual manner and the other half embedded in an agar gel containing 0"75 % Ionagar II, o'75 % sodium chloride in o.oi M-phosphate buffer pH 8 with o-0o2 % sodium azide. A longitudinal trough o'3 mm. wide and 5 ram. from the acrylamide gel was cut out and filled with undiluted TMV antiserum. Densitometer tracings of stained gels were made with a Joyce-Leobl microdensitometer.
Electron microscopy. Specimens negatively stained with pottassium phosphotungstate (pH 7"5) or uranyl formate (Lebermann, I965) were mounted on platinum grids and examined with a Siemans electron microscope, Elmiskop I A at 80 kv.
Analytical centrifugation. Sedimentation analyses were made in a Spinco model E analytical ultracentrifuge and sedimentation coefficients determined by the graphic method of Markham (I96O).
RESULTS
The electrophoretic separation of A-protein on 7"5 % acrylamide gel was better defined at -4 ° to + 4 ° than at room temperature, therefore all experiments were made within the former temperature range. As the average pore size of polyacrylamide gels is related to the concentration of acrylamide (White, I96O), I thought that a different On: Thu, 10 Jan 2019 00:53:04
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419 gel concentration might improve the separation. Accordingly, a series of gels was cast which contained 3"75, 4"5 o, 5"25, 7"5o, II.O or 15"o% (w/v) of acrylamide with a constant proportion (z'6:97"4, w/w) of the cross-linking agent bisacrylamide to the acrylamide monomer. A sample of the same preparation of A-protein was applied to a gel of each concentration and the electrophoretic separations made simultaneously under identical conditions. A total of six components could be resolved in this series of gel concentrations (P1. I a). The two major components of the sample (bands no. 2 and 3) could be resolved at gel concentrations below I I.o %. Three minor components (bands no. 4, 5 and 6) could only be resolved satisfactorily at gel concentrations below 7"5 %. A fourth minor component (band no. I) was never satisfactorily resolved. The definition of the last band so deteriorated at the lower gel concentrations that it could not be located accurately in the 3"75 and 4"5 ~/o gels; though its presence was possibly masked by band no. 2. The relative concentration of the components in the separation on a 4"5 % gel was measured with an automatic microdensitometer after fixation and staining (Pt. I e). Though the trace was not made under conditions permitting an accurate calculation of the concentration of each component, an approximate estimate based on the areas under each peak suggested that the components were present in ratios of 4:76: I7: I : I : I for bands no. I to 6 respectively. In these experiments the measurement of migration rates in absolute units was difficult because gels polymerized from the range of acrylamide concentrations used take on different dimensions when released from the tubes in which they have been cast. The mobility of each band has therefore been expressed relative to that of the bromophenol dye band at each concentration. Moreover, as the dye band was absent from gels which had been subjected to electrophoresis before the application of the sample, gels had to be used immediately after polymerization, without the electrophoretic equilibration period. However, the pherograms which were obtained on gels with or without prior electrophoretic equilibration were identical in all respects other than the presence of the dye band. For plotting the relative mobility of each component against the concentration of the gel (Fig. I) the reciprocal of the square root of the gel concentration was used because this is the function by which the average pore size of polyacrylamide gels is believed to be related to the concentration of acrylamide (Raymond & Nakamichi, i962) . The relative mobilities of the different components of the sample did not all respond to the same extent or even in a simple manner to a given change in gel concentration. An effect which was most noticeable in the gels of 3"75 ~/o and 4"5 % acrylamide was a reversal of the relative orders of bands 2 and 3-Electron microscopy of the preparation stained with potassium phosphotungstate or uranyl formate showed the presence of disc aggregates and much amorphous material (P1. I b and c). Sedimentation in the analytical ultracentrifuge at o ° demonstrated the presence of only the two major components with approximate sedimentation coefficients of 3 to 4 S and 8 to 9 S respectively (P1. I d). However, the disc aggregates observed in the electron microscope may have been present in too low a concentration to form a peak in the analytical ultracentrifuge.
To decide how closely the electrophoretic separation made on the gels corresponded with the sedimentation pattern observed in the analytical ultracentrifuge, two further preparations of A-protein, which differed in their states of aggregation, were used. The second preparation was also produced by the acetic acid method but had been kept for 6 to 8 weeks at 2 °. Only amorphous material was seen when it was stained with potassium phosphotungstate and observed in the electron microscope. Sedimentation of the preparation at I7.8 ° in the analytical ultracentrifuge indicated that it was an equilibrium mixture with boundaries corresponding to approximately 4, 3 and 2 S which tailed to the meniscus (P1. 2a). Separation of this sample on a 5"25 % gel yielded a pherogram in which only two bands were present (P1. 2 b), the mobilities of which corresponded with those of no. I and 2 observed in the first sample. A third preparation of A-protein made by the alkali method contained many disc aggregates when observed in the electron microscope. Analytical ultracentrifugation at 16.9 ° demonstrated the presence of four major components with approximate sedimentation coefficients of 27, 19, 8 and 4 S (PI. 2c) and some minor peaks with higher values. Separation of this preparation on a 4"5 % gel produced a pherogram containing bands with mobilities corresponding to those of nos. 3, 4, 5 and 6 of the first preparation. There were in addition several more well-defined bands with even lower mobilities (P1. 2d).
To confirm the nature of the contents of the bands observed in the pherograms, the first A-protein preparation was separated on a 4"5 % gel. After electrophoresis the region corresponding to the expected position of bands no. I, 2 and 3 and that corresponding to bands no. 4, 5 and 6 were cut out and macerated in a small volume of 0.04 M-tris + glycine buffer (pH 8) and the eluate was observed in the electron microscope. Preparations stained with potassium phosphotungstate (pH 7"5) contained discs in the eluate from the region of the gel corresponding to bands no. 4, 5 and 6, but none in the eluate from the region of the gel corresponding to bands no. I, 2 and 3, which contained instead much amorphous material. When uranyl formate was used to stain these preparations the material eluted from the region of bands no. I, 2 and 3 aggregated and large numbers of discs were observed.
.Bromophenol blue The first preparation, when tested for immunoprecipitation in gel, produced two distinct precipitation lines (Fig. 2) . When the same preparation was separated electrophoretically on an acrylamide gel of 4"5 % (w/v) concentration and tested against the same antisera, only one line was formed (Fig. 3) . The line, though formed at different distances from the acrylamide gel, was continuous and showed no evidence of spur formation.
DISCUSSION
Caspar (I963) predicted on theoretical grounds that the most stable aggregates which can be formed from TMV monomer (S,o.w 1-85 to 2-0) would be the dimer 3"I to 3"4 S, the cyclic trimer 4.2 to 4"6 S, the cyclic heptamer 7"6 to 8.2 S, the two-turn disc I8 to z 9 S, the three-turn helical segment 28 to 30 S, and higher multiples of the two-turn disc aggregates, e.g. a dimer 33 to 35 S or trimer 44 to 47 S. Therefore, by comparing the sedimentation patterns with the pherograms obtained from the three A-protein preparations it should be possible to identify tentatively each band in the pherogram with a stable aggregate whose existence is known from sedimentation analysis. Such a comparison would indicate provisionally that the component of band no. 2 was the trimer, band no. 3 was the heptamer, band no. 4 the two-turn disc, band no. 5 the three-turn helical segment, band no. 6 the dimer of two-turn discs. The successive bands of reduced mobility observed in the pherogram of the A-protein preparation made by the alkali method (P1. 2,) probably correspond to the higher multiples of the two-turn disc structure. It is uncertain, though, whether band no. I corresponds to the monomer or the dimer. Provided that the observations were made using a negative stain at pH 7"5, electron microscopy of the preparations and of the material eluted from the different regions of the gel was consistent with the above suggestions. Zwaan (I967) observed that the logarithms of the molecular weights of a number of different proteins are linearly related to their retardation quotients (the ratio of their mobilities in two different gel concentrations). The retardation quotients were therefore calculated for the components of the first A-protein preparation using the results of the separation on 4"5 % and 5"25 % gels (Fig. 4) . For calculating the molecular weights of the higher aggregates the number of subunits in the two-turn disc structure was taken as 34 (Finch et al. I966) instead of 32 as originally thought. If the above assumptions are accepted, an approximately linear relationship does exist; moreover, this relationship is weakened if the points corresponding to each band are displaced along the axis so as to bring them opposite the next higher or lower stable aggregate.
It is difficult to estimate accurately just how truthfully the pherogram on an acrylamide gel represents the relative concentrations of the various aggregates in a mixture. Ornstein & Davies (1964) state that the separation is achieved by a process in which the aggregates are initially 'stacked' as discrete thin bands in order of their electro-phoretic mobilities within the large-pore gel. The average pore size of the large-pore gel is probably sufficiently large to exert little or no sieving effect at this stage. During the ' stacking' process the effective concentration of the sample is increased and then individual components are successively removed from the equilibrium mixture, two procedures which on theoretical grounds might be expected to introduce artifacts.
Subsequent electrophoresis on the small-pore gel where a sieving effect is exerted could allow bands corresponding to aggregates with a low electrophoretic mobility and small size to 'overrun' those with greater electrophoretic mobility but of larger size. If any appreciable interchange occurred as one aggregate 'overran' another it might be expected to result in trailing of the bands observed in the final fixed and stained pherogram. Provided that the separations were performed at low temperatures such effects could be minimized and were probably only significant for the monomer, dimer and trimer, because the pherograms otherwise corresponded tolerably well to the degree of aggregation as indicated by electron microscopy or sedimentation analysis.
As the average pore size of a gel is increased, the resistance which is offered to a migrating molecule is reduced. The points at which the lines corresponding to each band meet the abscissa in Fig. I will indicate a concentration of acrylamide in which the average pore size is too small to allow appreciable movement of that particular aggregate. Thus the aggregates which comprise the various bands must increase in size from no. I through to no. 6. The slope of each curve is probably determined by a complex function which relates the distribution of pore sizes and mean pore size of the gel to the Stokes radius of the migrating molecule or aggregate. That the lines corresponding to bands no. I and 2 follow a similar course implies that the Stokes radii of their components are also similar. Likewise, the Stokes radii of the components of bands no. 4, 5 and 6 are probably closely grouped, whilst that of the component of band no. 3 must be intermediate between the two groups. The Stokes radii of the stable aggregates can be calculated using the correction factors given by Caspar (1963) to account for hydration and differences in shape and are 2I-3, 25"2, 28.2, 36"7, 7~'6, 75"9 and 81.8 A for the monomer, dimer, trimer, heptamer, two-turn disc, three-turn helical segment and dimer of two-turn discs respectively. Though these values again fail to distinguish whether the component of band no. 1 is the monomer or the dimer they do corroborate the previous identifications. The uppermost limit of each curve is determined by the electrophoretic mobility of the molecule in free solution, i.e. at infinite gel dilution. Unfortunately, 3"o to 3"5 % (w/v) acrylamide is the least concentration which can be polymerized to form a mechanically stable gel, so that the curves cannot be extended much further by experiment. However, from the graph it can be seen that the cyclic heptamer is more electronegative than the trimer and by extrapolation the stacked disc aggregates and the three-turn helical segment are probably more electronegative than both the heptamer and the trimer. These results agree with those of Kleczkowski (I959) , who, by measurement of their electrophoretic mobilities at pH 7"o, demonstrated that A-protein polymerized to form short rod-like particles was more electronegative than unpolymerized A-protein. But both Kleczkowski (I959) and Kramer & Wittmann (1958) reported unpolymerized A-protein to be electrophoretically homogeneous. In contrast, other workers using similar techniques (reviewed by Kleczkowski, 1963) observed that the naturally occurring aggregates of tobacco mosaic protein (X-protein) have differing electrophoretic mobilities. The A-protein preparations which Kleczkowski and Kramer & Wittmann used may have consisted predominantly of only one aggregate, probably the trimer; though an alternative explanation may be that electrophoresis on an acrylamide gel provides a better separation of mixtures whose components are present in widely differing concentrations than does electrophoresis in free solution.
The actual position of the precipitation line in the immunodiffusion test of the separation of the first A-protein preparation on a 4"5 % gel (Fig. 3) will be affected to some extent by the relative concentrations of the components in the various bands. However, the differences in the distance of the line from the antiserum well seem too great to be explained on this basis alone. It is therefore reasonable to suggest that the rates of diffusion of the contents of bands no. 4, 5 and 6 are less than that of band no. 3, which in turn is less than that of band no. 2. As the rate of diffusion of a molecule through an agar gel is known to be dependent largely on its Stokes radius (Ackers & Steere, I962) , these results would also agree with the postulated differences in the size of the aggregates which comprise the various bands. The formation of a continuous precipitation line (Fig. 3) is usually interpreted as indicating that the antigenic determinant present on each component is identical, which implies that the antisera contained no detectable antibody molecules directed against possible antigenic determinants which might have been present on an aggregate of one size but not on another of a different size. However, in the precipitation-in-gel test (Fig. 2 ) two distinct lines were formed, a phenomenon which is usually interpreted as indicating antigenic heterogeneity, and similar in some respects to that observed by Kleczkowski 096I). The results of these two diffusion tests are therefore paradoxical and cannot be explained satisfactorily.
The technique of electrophoresis on a polyacrylamide gel support medium has been widely used for the separation of different species of proteins. This investigation has shown that it can also be used to separate the different-sized oligomers of one species of protein, a technique which may be valuable in the study of other proteins, both viral and non-viral, which form stable quaternary structures. I am grateful to Dr A. Kleczkowski for valuable discussion of these results, to Miss J. Plews and Mr A. Hurworth for technical assistance and to the Director of Rothamsted Experimental Station for permission to use the analytical ultracentrifuge and microdensitometer.
